Objectives: With recent approval of standalone HPV testing and increasing uptake of HPV vaccination, some have postulated that we are moving toward a "post-Pap" era of cervical cancer prevention. However, the total number cases that have been prevented by Pap smear screening as well as its impact on racial disparities are unknown.
S
creening for cervical cancer is currently recommended by the United States Preventive Services Task Force as part of routine health maintenance for women ages 21 through 65. 1 Current recommendations for cervical cancer screening are based on efficacy of the Pap smear, 2, 3 and more recently, HPV testing. 4, 5 Over the past 30 years, the relatively widespread utilization of Pap smear screening is thought to be largely responsible for reducing the incidence of invasive cervical cancer in the United States. 6, 7 However, despite the historical trends of increased screening utilization, the net benefit of screening at the population level remains to be quantified. Furthermore, there have been long-standing disparities in cervical cancer incidence between different racial groups in the United States. Multiple studies have shown a much higher [8] [9] [10] incidence of cervical cancer among black and Hispanic women compared with non-Hispanic white women, although this has been improving. 11, 12 It is unclear whether screening may have had a disparate effect on cervical cancer incidence by race.
Given the advent of HPV vaccination and HPV DNAbased testing, the landscape of cervical cancer screening and prevention is poised to undergo significant changes. US women who have received HPV vaccination are thought to be protected against high-risk HPV infection and the subsequent development of cervical cancer. 13, 14 It is likely that this will have a discernable impact on the incidence of abnormal Pap smear findings and cervical cancer in the coming years. 15 In addition, HPV test screening has come into clinical practice in recent years as an adjuvant to Pap smears, and most recently in 2014, HPV-testing was approved for primary screening of cervical cancer. 16 As cervical cancer remains a public health issue that potentially contributes to health care disparities, even as we move into the vaccination era and new models of HPV screening, examining the impact of screening in the current era provides an important baseline for continued assessment of existing cancer disparities and cervical cancer screening and prevention efforts. A thorough understanding of the progress made to date is even timelier now that there are new approaches available for cervical cancer prevention, as the experience of the past 30 years can highlight areas of success, and opportunities for improvement.
Our study seeks to provide such an analysis by estimating the net impact of cervical cancer screening in terms of the number of cancer cases prevented over the past 3 decades in association with Pap smear screening. Moreover, given that screening is expected to be more effective in populations with higher incidence of the disease, 17 we seek to quantify how screening may have driven disparate changes in the incidence of cervical cancer between different racial groups in the United States.
MATERIALS AND METHODS

Overview
We obtained population-level data on Pap smear utilization and cervical cancer incidence from the National Cancer Institute (NCI) progress reports, the Surveillance, Epidemiology, and End Results (SEER) database, and literature searches. We calculated an estimated baseline cervical cancer incidence at the beginning of our period of analysis. Next, we determined the reduction of cervical cancer cases from baseline for each subsequent calendar year. We then scaled this change to the US population to estimate the number of cases prevented at the national level. Finally, we summed the change from baseline for every year from 1979 to 2009 to estimate the net impact of screening.
Data Sources
We obtained Pap smear utilization rates for all US women, age 18 or older, for years 1987 to 2010 from the NCI Cancer Trends Progress Report, 18 which is based on National Health Interview Survey (NHIS) data. Pap smear screening rates for earlier years (1963 to 1982) were obtained from survey studies 19, 20 and earlier reports from NHIS. 21, 22 We obtained cervical cancer incidence rates for the years 1973 to 2009 from the SEER*Stat Database. 23 The SEER database pools data from 17 tumor registries and represents over 6 million cancer cases total. The database's comprehensive and robust nature allows it to be considered somewhat representative of the US population as a whole. 24 In addition, population counts for US women, delimitated by age and race, were downloaded from the SEER Web site. 25 The Yale Human Investigations Committee considered this study exempt from review.
Classification of Cancer Stages
Consistent with prior studies, 26, 27 we classified cervical cancer cases into early-stage and late-stage cancers based on SEER historical stage A. Cases with localized staging at the time of diagnosis were classified as early-stage cancers. Cases with regional or distant staging at the time of diagnosis were classified as late-stage cancers. Because of the lack of complete data on cases with in situ staging at the time of diagnosis, we excluded in situ cases from our analysis. Unstaged cervical cancer cases, which accounted for approximately 1% of all cases in our analysis, were also excluded from our calculations.
Estimate of Baseline and Current Incidence Rates
We calculated the baseline incidence for cervical cancer by taking the 3-year average incidence from 1976 to 1978 for US women age 18 to 65. Consistent with previous studies, we excluded the initial years (1973 to 1975) for which SEER data were available due to the spurious variability in incidence data for those years. 26, 27 In our analysis, the baseline incidence is indicative of cervical cancer rates at the initial time period when cervical cancer screening was widely utilized. By this time, screening rates have risen from 37.8% in 1963 and stabilized at over 70% in the 1980s. We calculated the current incidence for cervical cancer by taking the 3-year average incidence from 2006 to 2009. The current incidence is indicative of cervical cancer rates in the United States after over 30 years of widespread screening.
Estimate of Cancer Cases Prevented
We took 2 similar approaches in estimating a lower and upper bound for the total number of cancer cases prevented. In this study, we refer to these approaches as the "baseline incidence" approach and the "prescreening incidence" approach, respectively.
In the baseline incidence approach, we assumed that the underlying rates of cancer remained constant at the baseline incidence rate, that is, the 3-year average incidence from 1976 to 1978. For each subsequent year, we found the reduction of cervical cancer incidence from the baseline incidence, and multiplied it by the number of women age 18 to 65 in the United States to find the number of cases reduced for each year. Then, we summed the reduced cases from all years over 1979 to 2009 to estimate the total number of cases prevented in association with screening (see Table, However, given that Pap smear screening had been in clinical practice since the 1950s, and given the likely long duration of the preclinical phase of cervical cancer, 28 we also calculated the number of cancer cases prevented using a prescreening incidence approach. In this approach, we estimated the prescreening incidence of cervical cancer rates before the availability of Pap smear screening. While evidence from the 1950s and earlier is sparse, multiple reports indicate that the cervical cancer incidence in the United States before the wide availability of Pap smears is likely to be in the 30s per 100,000 women. [29] [30] [31] One report found the incidence among white women to be 32.4 in the late 1940s, 31 whereas another report found the overall incidence to be 33.8 in the early 1950s. 29 A national survey found cervical cancer incidence to be 38.4 among whites and 74.6 among blacks in 1947. 30 As such, in our prescreening incidence approach, we took 30.0 per 100,000 women to be a conservative baseline incidence, and in repeating the same analysis as described in our "baseline incidence" approach, we were able to calculate a conservative upper bound of cervical cancer cases prevented in association with Pap smear screening.
Race-specific Estimates of Cancer Cases Prevented
Race-specific incidence of cervical cancer from 1976 to 2009 was obtained according to the SEER race recode classification, which describes race as white, black, or other (American Indian/Alaskan Native, Asian/Pacific Islander). For each of the 3 race groups in SEER, we calculated a baseline incidence by taking the 3-year average race-specific incidence from 1976 to 1978. We then found the race-specific reduction from baseline for each subsequent year from 1979 to 2009, scaled to the race-specific US population as previously described, and summed the reduction for all years to find the race-specific estimates of cervical cancer cases prevented in association with Pap smear screening.
Statistical Analysis
Our study population is limited to US women age 18 to 65. The rates of cervical cancer were age adjusted based on the 2000 US Standard Population. Cervical cancer incidence rates were rounded to the nearest tenth. Estimation of the number of cancer cases prevented were rounded to the nearest thousand. Tests of significance for differences in cancer incidence rates were performed in SEER*Stat using methods described by Tiwari et al. 32 All analyses in our study were performed using SEER*Stat and Microsoft Excel software.
Concurrent with an era of widespread and increasing screening, there was a significant decrease in early-stage and late-stage cervical cancer incidence among US women age 18 to 65 from the years 1976 through 2009 (Table 1, Fig. 1 ). The incidence of early-stage cancers decreased from 9.8 to 4.9 cases per 100,000 women (P < 0.001), and the incidence of late-stage cancers decreased from 5.3 to 3.7 cases per 100,000 women (P < 0.001). Overall combined incidence decreased from 15.1 to 8.6 cases per 100,000 women (P < 0.001).
Notably, during this period, there were also differences in changes in race-specific cervical cancer incidence ( Table 2, Fig. 2) , with an overall reduction in the disparity of cervical cancer incidence over time. The incidence among black women decreased from 26.9 to 9.7 cases per 100,000 women (P < 0.001), whereas the incidence among white women decreased from 13.7 to 8.5 cases per 100,000 women (P < 0.001), and the incidence among women of other races decreased from 16.0 to 7.4 cases per 100,000 women (P < 0.001).
Number of Cancer Cases Prevented
In our baseline incidence approach, we assumed that the underlying cancer incidence remained constant at the baseline incidence rate of 15 Fig. 3 ). In contrast, in the prescreening incidence approach, in which we assumed the baseline incidence was 30.0 per 100,000 women, there was a more generous reduction of approximately 492,000 cases of cervical cancer.
The number of cancer cases prevented for each race group was also different. Using a race-specific baseline incidence approach, there were at least 71,000 cases prevented among white women, 46,000 cases among black women, and 6000 cases among women of other races (Table 2) .
DISCUSSION
In association with widespread Pap smear screening, there has been a significant decline in both early-stage and latestage cervical cancer incidence over the past 3 decades. We estimate that 105,000 to 492,000 cases of cervical cancer have been prevented as a result of screening, reflecting the large impact of screening at the population level. Moreover, the impact of screening was different among the different racial groups examined in our study. Consistent with the belief that screening is most effective in high-risk populations, we found that the greatest number of cancer cases prevented were among black women in proportion to the underlying population, and that disparities in terms of race-specific incidences were reduced.
Our study describes a substantial decline in both earlystage and late-stage cervical cancer incidence over time. These declines occurred after national cervical cancer screening rates increased. We find it plausible that these 2 observations are connected-that the wide dissemination of cervical cancer screening (ie, of Pap test utilization and treatment of precancerous lesions) led to both the effective secondary prevention of early invasive cervical cancer, as well as the detection of early-stage cancer before it grew to late stage. 8, 33, 34 Notably, a large portion of cancers prevented were early-stage cancers. This marked decrease in early invasive cervical cancer despite a concomitant decline in latestage disease (Fig. 3) suggests that a greater percentage of cancer prevented were due to secondary prevention of early invasive disease, compared with detection of early-stage cancer before its progression to late stage. However, such an observation is ecological in nature. Despite the strong temporal relationship between Pap test utilization and cervical cancer incidence, other factors may also have contributed to the decline in cervical cancer incidence. Secular changes in sexual behavior (eg, number of sexual partners and contraceptive use), 35 HPV prevalence, 36 and immunocompetence status of the host (eg, HIV infection or posttransplant immunosuppression), 37, 38 as well as decreasing rates of cigarette smoking 39 likely to reduce invasive cervical cancer incidence in the coming years. However, given the relatively long premalignant period of HPV infection, primary prevention through vaccination is unlikely to have had a significant effect during the time period examined in our study. In addition, our study indicates that although disparities were persistent, the incidence rates of cervical cancer appear to be converging across different race groups (blacks, whites, and other). While previous studies have demonstrated similar trends, 8,10-12 our analysis uniquely estimates the net impact of screening by calculating the magnitude of cancers prevented by race. As we progress toward an era of HPV vaccination and HPV-based screening, 41, 42 such race-specific trends will become of especially important concern. Given the current disparities in HPV vaccination use, 43 differences in race-specific cervical cancer incidence may again magnify in the coming years, especially as black and lower socioeconomic status women are at greater risk of being diagnosed with latestage cervical cancers. [44] [45] [46] Moreover, with the recent 2014 FDA approval of the use of the HPV test alone for primary cervical cancer screening, 16 it remains to be seen what changes in screening utilization and cervical cancer incidence will occur as a result of this approval. 47, 48 Although racial breakdown of participants in the ATHENA HPV trial was comparable with that of the US population as a whole, 49, 50 subsequent studies indicate that HPV test utilization patterns have thus far and will likely continue to differ by practice setting and population demographics. 51, 52 The changing landscape of cervical cancer screening will likely present challenges in terms of equal access to the increasing number of possible screening approaches. 53, 54 Therefore, it is necessary that we continue to monitor rates of cervical cancer screening and the impact of screening on cancer rates in the current and future eras, especially for at-risk populations such as minorities and women of lower socioeconomic status.
In recent years, there has also been increasing concern that widespread cancer screening can lead to overdiagnosis and overtreatment, [55] [56] [57] and the realization that the benefits of cancer screening depend on the type of cancer and the population screened. As a result, cancer screening may be increasingly viewed as a matter of choice rather than a routine part of health maintenance. Our findings of a greater decline in early-stage cancers and a smaller but still significant decline in late-stage cancers indicates that though there may be increasing diagnosis of early-stage cancers that may otherwise have gone undetected, we feel that the significant overall decline in late-stage cancers justifies the current screening regimen.
There are several important limitations to our study. First, we were unable to account for factors outside of screening. As previously alluded, although the Pap smear test is most likely the primary cause of decreased cervical cancer incidence, it is likely that other factors may have also played a role. As such, our results should be interpreted as an association between screening and the number of cancer cases prevented, rather than a causal effect. Second, our analysis did not account for the underlying rates of hysterectomy, which may be higher in blacks than whites. 58, 59 This underlying statistic may skew our findings as hysterectomy can be indicated by factors in addition to cervical malignancy. As women who have undergone hysterectomy and are not at risk for cervical cancer were included in the denominator of our incidence rate calculations, the incidence of cervical cancer may in fact be higher in blacks than as reported in our study. Third, we were unable to take into cytopathologic innovation in examining cervical cytology such as the introduction of the Bethesda system, 60 or other incremental changes to medical technology over time that may have influenced trends in the diagnosis of cervical cancer. Finally, our study is ecological and has limitations inherent to such studies. 61 For example, there is lack of complete data on race and ethnicity of the underlying US population, and it is important to recognize that the racial groups we have specified in our study are heterogenous and consist of a number of unique racial and ethnic populations. The categorization of "Race" as black/white/other leaves out subtleties in ethnicity and self-identification, including the potential for convergence of racial identification over time. The impact of more nuanced racial identification should be the subject of future study as registry data and understanding of the impact of racial selfidentification becomes more sophisticated.
In conclusion, we estimate that a large number of earlystage and late-stage cervical cancers were prevented, and that racial disparity in cervical cancer rates was reduced during an era of widespread Pap test screening. Our study is unique in that we sought to quantify the impact of screening at the population level by estimating the number of cancers prevented in association with Pap smear utilization. Furthermore, our analysis demonstrates that the impact of screening has likely differed by race in the United States, with the at-risk populations most preferentially affected. Given disparate access to HPV vaccination, 34 it will be important to continually assess national cervical cancer incidence to measure the additional benefit of the vaccine against the known benefit of screening, and to ensure equal access and outcomes for all women.
